ABSTRACT: Sulfide concentrations were measured in the inner and outer K6nigshafen (Sylt, Wadden Sea) from November 1990 to December 1991 to assess the fluctuations of sulfide levels in natural tidal habitats. Three different areas were compared: (1) muddy sediment, (2) fine-medium sand, and (3) a mussel bed. Other abiotic factors such as Eh, pH, temperature, grain size and organic content were measured. After assessment of the macrofaunal distribution, an attempt was made to relate the distribution to the sulfide concentrations in the benthic habitat. Sulfide concentrations varied between sites throughout the year with considerable differences ranging from below 5 ~M (hmit of detection) to about 1 mM (Oct. 1991). The faunal composition (Table 2) at the different sites hardly varied; it was always dominated by annelids: The cirratuhd Tharyx manoni was the most abundant species in the upper layers of all sites, where it occurred at low sulfide concentrations (< 50 ~tM). Heteromastus filiformis was commonly found in the deeper sediment layers of the muddy site where it was regularly exposed to sulfide levels around 75 ~M and peak concentrations in autumn up to 1 mM. Capitella capitata, Tubificoides pseudogaster and Tubilicoides benedii were very common in the upper sediment layers where sulfide levels were about 150 ~M in autumn. These species also occurred, however, in the deeper layers with higher sulfide concentrations. These results document not only the wide annual range of sulfide concentrations at different depths in a tidal flat, they also emphasize that under natural conditions tidal flat annelids are exposed to considerable concentrations of hydrogen sulfide.
INTRODUCTION
Next to dissolved oxygen, sulfide is a key factor for the marine benthos and its distribution (e.g. Vismann, 1991; Grieshaber et al., 1994) . Nevertheless, in studies on the endobenthos, sulfide concentrations are rarely measured in the natural porewater.
In this study, field data on sulfide concentrations and macrofaunal distribution (comprising mainly annelids) were collected over 14 months (Nov. 1990 -Dec. 1991 ) to contribute a baseline study to the knowledge of annual cycling as well as fluctuations in the tidal sulfide biome. The three study sites in the K6nigshafen (Sylt, Wadden Sea) differed in sediment composition. Besides the sulfide measurements, other factors were recorded such as pH, Eh, temperature, salinity, grain size and organic content.
MATERIAL AND METHODS

Study area
Sampling sites (Fig. 1) were located in the "K6nigshafen" a sheltered intertidal sand flat in the vicinity of the northern part of the island of Sylt (North Sea). The mean tidal range is about 1.7 m; seawater sahnity varies between 26 %0 and 32 %0 S. with a mean salinity of 30 %0 S. A more detailed description of the area is given by Wohlenberg (1937) and Reise (1985) .
Three different sites were sampled. S i t e 1 : Located in the inner K6nigshafen (Westfeuerwatt) close to a tideway. Some sparse mussel beds occurred in this rather muddy area (the K6nigshafen consists generally of fine sand).
Sit e 2 : Close to the dyke (approximately 10 m away) in the outer K6nigshafen (Oddewatt) where the sediment was coarser than in Site 1. A layer of broken shells appeared in the sediment at a depth of approximately 15 cm, and some plant material was mixed with the sediment. Next to this site, large mats of green algae have occurred in recent years during warm and calm periods, although not during the sampling period.
S i t e 3 : At the very edge of a larger mussel bank with Fucus plants, 20 m seawards from Site 2. The sediment consisted of poorly sorted coarser sands, the upper layer was occasionally covered with recently sedimentated mud and Fucus debris. Fig. 1 . Map of sampling area: "K6nigshafen" on the island of Sylt (North Sea, Northern Germany) with the three sampling sites: 1: Westfeuerwatt (muddy-fine sand); 2: Oddewatt (fine-medium sand); 3: mussel bed in the Oddewatt (fine-medium sand)
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Sampling procedure Macrofauna samples were taken during low-tide periods, almost monthly from November 1990 to December 1991. Environmental conditions and the sampling procedure allowed three replicates to be taken per site during one low-tide period. Sulfide, temperature, redox potential (Eh), pH, grain size distribution and the content of organic carbon were determined at each sampling site and occasion.
S u 1 f i d e s a m p 1 e s : Parallel to the fauna sampling, the sulfide concentrations were measured. Porewater samples for sulfide measurements were obtained at three different depths: 4 cm, 9 cm and 14 cm. Specially constructed porewater suction corers (modified after Howes et al., 1985) and medical syringes (1 ml) were used to extract 0.2-1 ml clear porewater for the analyses. Three replicates from each depth were taken and evaluated. Each sample was fixed in prepared glass vials with 2 ml of 0.12 M zinc acetate and 0.5 ml 1.5 M sodiumhydroxide. Sulfide concentration was measured colorimetrically (after Gilboa-Garber, 1971, modified as described by Howarth et al., 1983) .
S e d i m e n t s a m p 1 e s : Sediment samples for analyses of grain size and organic carbon content were collected with perspex corers/internal diameter 5 cm) to a depth of 15 cm. The samples were subdivided into 5-cm fractions and immediately frozen after return to the laboratory. Grain size distribution and the content of organic carbon were analysed according to commonly used procedures (Buchanan, 1984; Giere et al., 1988) .
In the field, pH and the redoxpotential (Eh) were measured with insertion electrodes. Values were obtained from 4 cm, 9 cm, and 14 cm. Sediment and air temperature were measured with a thermistor. Salinity in the pore water and in the surface water was determined refractometrically. The porewater was obtained with suction corers as described for the sulfide samples.
M a c r o f a u n a : Macrofauna was collected with a perspex sediment corer (inner diameter 11 cm). The cores were subdivided into three fractions: 0-5 cm, 5-10 cm and 10-15 cm. These subsamples were hand-sieved in the laboratory through a 500-`am-mesh sieve. Immediately after sieving, the sample content was preserved in buffered formalin (di-sodiumhydrogenphosphate/sodium-di-hydrogenphosphate, final concentration of formalin approximately 4 %).
The fauna was evaluated qualitatively and quantitatively under a dissecting microscope. Sorted animals were stored in 70 % ethanol.
RESULTS
Grain-size distribution (Table 1) : The median diameter (MD) indicated that the sediment of Site 1 consists of fine to very fine sand. The sediment of Sites 2 and 3 were coarser (fine to medium sand). The "Inclusive Graphic Quartile Deviation" (QDI) showed that most of the sediment samples were moderately sorted. Only Site 3 consisted mainly of poorly sorted sand fractions. S u 1 f i d e c o n c e n t r a t i o n : The results indicate that sulfide was present in the sediment throughout the year (Fig. 2) with an increasing trend in the warmer season, mainly from July/August to October 1991 at Sites 1 and 3. Site 2 was permanently exposed to moderate sulfide concentrations (between < 5 and 35 ~M) and showed no peak values in summer. Highest values (1147 ,aM) were measured in October 1991 at Site 1 at 14 cm sediment depth. There was no general trend reIating increasing sulfide concentration to increasing sediment depth. During the whole sampling period, only Site 1 showed higher concentrations at 14 cm depth than in shallower depths.
Eh, temperature and salinity: Redox depth profiles revealed no general pattern. The Eh values varied from +480 to -100 mV, but in general, these values were clearly within a positive range and there were no general patterns regarding decreasing values with the depth.
The lowest sediment temperatures (-0.8~ were measured in December 1991 at Site 2 at a depth of 9 cm. They increased during the summer to max. 22.6 ~ in July, also at Site 2 in 4 cm depth.
At Site 1 and Site 2 no extreme changes in porewater salinity were recorded (34-36 %o). However, Site 3 showed a higher variability in porewater salinity, i.e. 30 o/~ (July/Oct.) and 37 %0 in September.
M a c r o f a u n a : The complete species list found at the sampling stations is given in Table 2 .
The species assemblage at the three sites (Table 3) consisted of fairly similar elements; the mussel bed (Site 3), however, differed in that it had a reduced number of species and abundance ranging from 78 ind./100 cm 2 in November 1991 to max. 472 ind./ 100 cm 2 in March 1991. Values were commonly between 200 and nearly 400 individuals per 100 cm 2. The two other sites resembled one another more closely in terms of number of species and abundance. The fauna at the two first sites was quite similar. A t S i t e 1 (Figs 3a-c), the overall abundance increased from 188 (May 1991) to 717 (Nov. 1990) individuals per 100 cm 2 over the total depth range of 15 cm, and the average range was 400 to 600 ind./100 cm 2.
In the cooler season, the small cirratulid polychaete Tharyx marioni was the most abundant species in the upper sediment layers, reaching a peak abundance in November (up to 550 ind./100 cm 2 in 0-5 cm depth and 247 ind. still in 5-10 cm depth). Other annelids dominating in the winter period were the oligochaetes Tubificoides benedii and T. pseudoffaster. They reached maxima in January and March (T. benedii: 122 ind./ 100 cm 2 and T. pseudogaster: 133 ind./100 cm 2, Jan., 1991, 0-5 cm depth). During summer and autumn, their abundance decreased. As for their depth distribution, there are some indications that under low sulfidic conditions T. pseudogaster might inhabit somewhat deeper layers than T. benedii. During the warmer season, the nereid Hediste diversicolor dominated, attaining maxima from June to July 1991 (1191 ind./100 cm 2, 0-5 cm depth). Also the capiteUid Heteromastus filiformis was a characteristic species of Site 1; it occupied regularly the deeper sediment layers, at 7 to 24 ind./100 cm 2 (June to July 1991), but was scarce or absent from other sites. Anaitides maculata and Eteone longa were rarer species in the samples from Site I (1 to 7 ind./100 cm2). x-a x-a x-a x = present; a = abundant; aa = highly abundant; pa -I-periodically abundant; paa = periodically highly abundant; r = regularly in low abundance; sp --of sparse occurrence.
A t S i t e 2 (Figs 4a-b) , the overall peak of abundance was attained in March 1991 with 1020 ind./100 cm 2 (from the surface to 15 cm depth). The lowest number of individuals occurred in April 1991 (95 individuals); however, variation between replicates was considerable, indicating the extreme patchiness of the benthos in the area. Again, polychaetes and oligochaetes were the dominant taxa.
The dominant species at Site 2 were Th. mar/oni and the two oligochaete species, Tubificoides benedii and T. pseudogaster, with highest abundances in January and March (e.g. Th. marioni 351 ind./100 cm 2, 0-5 cm, in January; T. benedii with 551 ind./ cm 2, and T. pseudogaster with 95 ind./100 cm 2, 0-5 cm, in March). T. benedii reached considerable population sizes also in the summer months (June, Station 2.3:322 ind. and July, Station 2.2:308 ind./100 cm 2, both in 0-5 cm). In the upper layers, T. benedii always had higher numbers of individuals than T. pseudogasterwhich, as in Site 1, inhabited the deeper areas in higher abundances. In June, the populations of Capitella capitata, Scoloplos armiger and Pygospio elegans increased. C. capitella maintained a rich stock until December, but with a rather patchy distribution. S i t e 3 (Figs 5a-c) was investigated from March to December 91. At this site, the oligochaetes Tubificoides benedii and T. pseudogaster were the most abundant species, with a clear prevalence for the cooler season, although the total number of benthic macrofauna declined in the autumn and winter. During this time, the oligochaetes populated the deeper sediment layers, whereas during the summer these layers were scarcely inhabited. The summer situation was characterized by an increase in numbers of Hediste diversicolor. Capitella capitata attained the highest values in summer (maximum from 22 to 70 ind./100 cm 2 in 0-5 cm depth, in July). In May, the population of Scoloplos armlger had a peak (61 ind./100 cm 2, 0-5 cm depth). Th. mariom was regularly found but never attained a population density comparable to that at Sites 1 and 2.
DISCUSSION
The sulfide concentrations throughout the year showed high fluctuations; a clear pattern could not be discerned when the different sites were compared. Large oscillations were even observed in the replicates. The extremely patchy sulfide distribution observed in this study did not allow conclusions to be made on a more general seasonal and local pattern.
The comparison between sulfide concentrations and redox potential underlines the inadequacy of relating redox recordings to a pattern of oxygen and, indirectly, sulfide conditions. In many sediment layers where redox values often were clearly positive, sulfide and the concomitant anoxia could be recorded (see also Powell, 1989; Watling, 1991; Giere, 1992) .
The twenty macrofauna species found in the area are common in the Wadden Sea tidal flats. But their occurrence is mostly restricted to the upper five centimetres of the sediment, their numbers decreasing considerably with depth. A good example of this prevailing pattern is the dominating species, Tharyx marioni, which was encountered abundantly only in the upper layers at low sulfide concentrations (~50 ~tM). Only occasionally was this species found also at higher sulfide levels (75-125 BM) at Site 1 (muddy) and Site 3 [mussel bed). But the population peaks of Th. marioni do not suggest a massively adverse relation to sulfidic conditions; this species is obviously able to tolerate a low amount of sulfide. A higher tolerance to sulfide is evident from the distribution pattern of the annelid species Tubificoides benedii, T. pseudogaster, Heteromastus filiformis, Capitella capitata and Hediste diversicolor. They were frequent also in the deeper layers of all three investigated sites where sulfide was present throughout the year in concentrations rising to 1 mM.
For most of these species, previous investigations have revealed specific adaptations to hypoxia and sulfide. The oligochaete Tubificoides benedii can maintain an aerobic metabolism in the presence of sulfide, when oxygen is available. Or the species can survive anoxia for a longer time, maintaining an anaerobic metabolism when oxygen is lacking (Dubilier, 1993; Dubilier et al., 1994) . It seems that the sulfide penetrating into the worms can be detoxified by oxidation to thiosulfate. Metabolic pathways for sulfide detoxification were also found in Hediste diversicolor (Vismann, 1990) . Heteromastus filiformis survived, in tolerance experiments, high sulfide concentrations (490-720 ~tM)
for more than 20 h (Niemeyer, 1989) .
The situation in Capitella capitata is comphcated by the presence of a species complex with a different physiological adjustment to hydrogen sulfide (Gamenick & Giere, 1994} . Within this complex, the larger sibling species, well adapted to hypoxia, seems to be restricted to the deeper, sulfide-rich sediment layers.
For Tubificoides pseudogaster, the physiological range of adaptation to hypoxic, sulfidic sediments has not been studied in detail. Pfannkuche (1980a) found the species in the brackish Schlei fjord under very low oxygen concentrations, as indicated by the redox potential recordings. Contrastingly, in the Limfjord, the species was recorded from sandy bottoms under "relatively good oxygen conditions" {Pfannkuche, 1980b). The distribution pattern in the present study suggests the inclusion of T. pseudogaster as a "sulfide species" with the possible existence of a metabolic pathway comparable to and as effective as those described above in the other species.
CONCLUSIONS
The macrofauna in the tidal flats of the Wadden Sea represents a predominantly oxiphilic benthos dominated by annelids. It is, however, temporarily exposed to sulfidic and hypoxic sediment conditions. The distribution pattern of the main species, discussed above, reflects a wide tolerance range for these ecological key factors in fine, sheltered sediments. But, as yet, data on the field situation and on the seasonal range of sulfide in the sediment are scarce. Sulfide formation is of high temporal and local variability, and annelid distribution is patchy and irregular. In combination with their fairly high tolerance to hydrogen sulfide, this may explain why general conclusions on a consistent pattern relating the occurrence of hydrogen sulfide to the distribution of these character species cannot, as yet, be drawn. Interaction with other factors, which cannot be excluded in field studies, will further blur the picture. Specifically for tubificids, grain size distribution seems of predominant importance (Giere & Pfannkuche, 1982) .
Nevertheless, the decisive role of hydrogen sulfide in the ecology of soft-bottom endobenthos in tidal flats, that emerges from experimental studies, requires further, longterm field studies on this abiotic key factor. Only then and in combination with experimental data backing can a better understanding of the field situation be achieved.
